Aims/hypotheses Ceramides and other sphingolipids comprise a family of lipid molecules that accumulate in skeletal muscle and promote insulin resistance. Chronic endurance exercise training decreases muscle ceramides and other sphingolipids, but less is known about the effects of a single bout of exercise. Methods We measured basal relationships and the effect of acute exercise (1.5 h at 50% V ⋅ O 2max ) and recovery on muscle sphingolipid content in obese volunteers, endurance trained athletes and individuals with type 2 diabetes. Results Muscle C18:0 ceramide (p = 0.029), dihydroceramide (p = 0.06) and glucosylceramide (p = 0.03) species were inversely related to insulin sensitivity without differences in total ceramide, dihydroceramide, and glucosylceramide concentration. Muscle C18:0 dihydroceramide correlated with markers of muscle inflammation (p = 0.04). Transcription of genes encoding sphingolipid synthesis enzymes was higher in athletes, suggesting an increased capacity for sphingolipid synthesis. The total concentration of muscle ceramides and sphingolipids increased during exercise and then decreased after recovery, during which time ceramide levels reduced to significantly below basal levels.
Introduction
As the epidemic of obesity and type 2 diabetes persists, the need for new therapeutic targets to enhance muscle insulin sensitivity has become dire. The accumulation of muscle lipids are related to insulin resistance, and diacylglycerols, ceramides and other sphingolipids, and long chain acyl-CoA are thought to play direct roles in reducing insulin sensitivity, Electronic supplementary material The online version of this article (doi:10.1007/s00125-015-3850-y) contains peer-reviewed but unedited supplementary material, which is available to authorised users. thus making them prime drug targets [1] [2] [3] . Ceramides and other sphingolipids are involved in the structure of membrane lipids and are important signalling molecules that influence apoptosis, inflammation and insulin sensitivity [1, 3] . They comprise a complex family of related molecules, as exemplified by the fact that ceramide can be phosphorylated to ceramide-1-phosphate, glycosylated to glucosylceramide (which is a precursor to many other species) or converted to sphingosine, which can be further phosphorylated [3] . Although it has been established that high concentrations of ceramide in skeletal muscle are related to insulin resistance [4] [5] [6] [7] [8] [9] , the exact role of unique ceramide and other sphingolipid species in muscle insulin resistance is unknown.
Chronic endurance exercise training is known to decrease muscle ceramide concentration [10] [11] [12] , but the influence of an acute bout of exercise is less well understood. For example, a single bout of endurance exercise has been shown to enhance insulin sensitivity [13] but, paradoxically, muscle ceramide concentration is increased immediately after exercise in humans [14] . This observation directly contrasts with studies in rodents, in which ceramides are reduced after exercise [15] . Finally, it is not known whether exercise-induced changes in muscle ceramides and other sphingolipids are altered in insulin-resistant individuals.
We sought to perform the most complete evaluation to date of the molecular species of ceramides and other sphingolipids in the muscle and serum in a population of individuals with a broad range of insulin sensitivities. This allowed us to determine which of these species were related to insulin resistance and how they changed immediately following an acute exercise bout and after 2 h of recovery. Understanding which of the muscle lipids related to insulin resistance change with acute exercise may provide insight into potential therapeutic targets for insulin sensitisation.
Methods
Participants In all, 14 obese sedentary individuals, 15 type 2 diabetic patients and 15 endurance trained athletes were recruited for this study. Serum sphingolipid data from this study was published previously [16] . All participants gave written informed consent and were excluded if they had a BMI of <20 or >25 kg/m 2 (for athletes) or of <28 or >40 kg/ m 2 (for obese and type 2 diabetic individuals), fasting triacylglycerol levels of >1.7 mmol/l, or liver, kidney, thyroid or lung disease. Sedentary participants had been engaged in planned physical activity for <2 h/week. Endurance trained participants were competitive cyclists, triathletes and runners with average lactate thresholds of 78 ± 1.4% maximal oxygen consumption (V ⋅ O 2max ) who had been training for an average of 12.3 ± 0.8 h/week over the previous 9.7 ± 2.1 years for the purpose of competition. Individuals with type 2 diabetes were excluded from the study if they used insulin and/or thiazolidinediones. All other medications were permissible but were washed out for 2 weeks prior to metabolic testing. One individual was on beta-blockers, two were on ACE inhibitors, five were on statins, three were on sulfonylureas and six were on metformin. Obese participants and athletes were not taking medication. Participants were weight stable in the 6 months prior to the study. This study was approved by the Colorado Multiple Institution Review Board at the University of Colorado Denver.
Preliminary testing Following a 12 h overnight fast, participants reported to the Clinical Translational Research Center (CTRC) for screening, which consisted of a health and physical examination followed by a fasting blood draw. Body composition was determined using dual energy x-ray absorptiometry (DEXA) (DPX-IQ, Lunar Corporation, Madison, WI, USA). Insulin sensitivity was then determined via an IVGTT using standard methods (see electronic supplementary material [ESM] Methods and Results for further details) [17] .
Diet and exercise control All participants were given a prescribed diet for 3 days prior to admission to the CTRC. The daily caloric requirement was estimated as previously described [18] . Composition of this diet was 55% carbohydrate, 30% fat and 15% protein. The composition of the fat content of the diet was controlled: saturated, monounsaturated and polyunsaturated fat was present in a 1:1:1 ratio. Participants were asked to refrain from any planned physical activity for 48 h before the metabolic study.
Metabolic study After a 12 h overnight fast, an antecubital vein in one arm was cannulated for isotope infusion and a retrograde dorsal hand vein in the contralateral side was catheterised for blood sampling via the heated hand technique. Data from [U- 13 C]palmitate and [6, H 2 ]glucose infusions will be reported separately. After resting for 3.5 h, blood sampling was performed every 10 min for 30 min for metabolic and hormone analysis. A percutaneous needle biopsy (∼150 mg) was then taken from midway between the greater trochanter of the femur and the patella. The skeletal muscle sample was immediately flash frozen in liquid nitrogen and stored at −80°C until analysis. Extramuscular fat was dissected from samples on ice as previously described [19] .
After the resting muscle biopsy, participants exercised on a cycle ergometer for 1.5 h at 50% of V ⋅ O 2max . Exercise intensity was determined using indirect calorimetry and the exercise workload was adjusted so that the relative intensity was maintained throughout exercise. Blood sampling was performed during the last 30 min of exercise. A muscle biopsy was taken within 1 min after stopping exercise from the same site as previously used, but with the needle at a more proximal angle. Participants then remained supine for 2 h of recovery. Blood sampling was performed during the last 30 min of recovery, followed by muscle biopsy from the contralateral leg. Participants fasted throughout rest, exercise and recovery: only water consumption was allowed.
Substrate and hormone analyses Standard assays were used for substrate and hormone analysis (see ESM Methods and Results for further details).
Lipidomics analysis Liquid chromatography/electrospray ionisation/triple quadrupole MS (LC/ESI/MS/MS) analysis of ceramide and sphingolipids was performed as previously described (see ESM Methods and Results for further details) [16] .
Gene chip analysis For RNA extraction, skeletal muscle biopsies were lysed in Trizol (Invitrogen, Life Technologies, Grand Island, NY, USA) using a FastPrep instrument and lysing matrix D tubes (MP Biomedicals, Santa Ana, CA, USA). RNA was then isolated using chloroform extraction and ethanol precipitation, further purified using RNeasy columns (Qiagen, Valencia, CA, USA), DNase treated and eluted with RNase-free water. Purified RNA was used for Affymetrix (Santa Clara, CA, USA) gene chip analysis according to the manufacturer's instructions [20] .
Western blotting Inflammatory marker levels and basal insulin signalling were determined by western blotting (see ESM Methods and Results for further details).
Statistical analysis Data are presented as the mean ± SEM. Differences in normally distributed basal data among groups were analysed by one-way ANOVA (Version 22, SPSS, IBM, Armonk, NY, USA). Non-normally distributed data were log-transformed (base 10) prior to analysis. When significant differences were detected, individual means were compared using Student's t tests to determine differences among groups. Differences in total sphingolipid species after exercise and recovery were determined using repeated measures ANOVA. When a significant temporal effect was found, paired t tests were performed to examine changes in individual species by group. An α level of 0.05 was considered statistically significant. Relationships between measurements were determined using Pearson's r. Gene transcription data for each probe set were analysed using repeated measures ANOVA with a compound symmetric covariance structure and repeated measures based on the activity periods. Linear contrasts within the repeated measures analysis were used to evaluate comparisons among groups and over time for each probe set. Differences in gene transcription during rest, exercise and recovery were made using paired comparisons and corrected for three comparisons using Bonferroni, resulting in statistical significance being set at a p value of <0.017.
Results
Demographics As previously reported, there were no significant differences in age (in years: obese, 39. Serum palmitate (C16:0) and stearate (C18:0) concentrations were significantly higher in type 2 diabetic patients than in the other two groups at baseline (p = 0.02 and p = 0.006, respectively; Table 1 ). Total NEFA concentration significantly increased from rest to exercise (p < 0.0001) and continued to increase during recovery (p < 0.0001; Table 2 ). Resting glucose and insulin concentrations were significant greater in type 2 diabetic patients than in the other two groups. During exercise, most metabolites (other than glucose and insulin) increased significantly compared with rest. During recovery, NEFA continued to increase, while most metabolites returned to near basal levels. Of note, TNF-α significantly increased during exercise (p = 0.005) and returned to basal levels during recovery. When evaluated by group, the increase in TNF-α during exercise only reached statistical significance in type 2 diabetic patients (p = 0.04).
Muscle ceramides and sphingolipids We found no significant between-group differences in skeletal muscle sphingosine or sphingosine-1-phosphate at rest (Fig. 1a) . In all groups combined, exercise induced a significant increase in sphingosine (p = 0.03) and sphingosine-1-phosphate (p < 0.0001) concentration, with sphingosine tending to be reduced during recovery compared with at rest (p = 0.058; Fig. 1b) . The resting concentration of muscle sphingosine and sphingosine-1-phosphate were not significantly related to insulin sensitivity.
The total muscle ceramide concentration was not related to BMI or to insulin resistance and was not different among groups at rest (Fig. 2a) ; however, individual ceramide species differed. The muscle C18:0 ceramide concentration was significantly higher in type 2 diabetic patients than in athletes (p = 0.007); it was positively associated with BMI (p = 0.002) and inversely related to insulin sensitivity (p = 0.029; Fig. 2e ). The total muscle ceramide concentration was significantly increased by acute exercise (p = 0.05) and tended to be lower after recovery than at rest (p = 0.055; Fig. 2b ). These findings were largely driven by changes in type 2 diabetic patients (Fig. 2c, d ). C18:0 ceramide was significantly greater in obese and type 2 diabetic individuals than in athletes after acute exercise (ng/mg wet weight: obese, 1.5 ± 0.20; type 2 diabetes, 2.1 ± 0.18; athletes, 0.9 ± 0.10; p ≤ 0.03). This difference persisted during recovery between type 2 diabetic patients and athletes (ng/mg wet weight: type 2 diabetes, 1.3 ± 0.14; athletes, 0.9 ± 0.12; p = 0.02).
The total muscle dihydroceramide concentration was not different among groups at baseline and was not related to BMI or insulin resistance, although there was a significantly higher C18:0 dihydroceramide content in obese participants compared with athletes (p = 0.007; Fig. 3a ). There was a positive relationship between C18:0 dihydroceramide and BMI (p = 0.04) and an inverse relationship between C18:0 dihydroceramide and insulin sensitivity that approached significance (p = 0.06). The dihydroceramide concentration was significantly increased by exercise (p = 0.03) and decreased during recovery to basal values (Fig. 3b ). Increased C24:0 dihydroceramide in obese participants during exercise helped explain the overall increase during exercise compared with at rest (Fig. 3c) .
The resting concentration of total muscle glucosylceramide was not significantly different among groups (Fig. 4a ). The C18:0 glucosylceramide content was significantly higher in obese and type 2 diabetic individuals than in athletes (p = 0.04), and was inversely related to BMI (p = 0.009) and insulin sensitivity (p = 0.03; Fig. 4e ). Exercise increased the muscle glucosylceramide concentration (p = 0.02), which decreased during recovery to values that tended to be lower than at rest ( Fig. 4b ; p = 0.06). The increase in C16:0 glucosylceramide in obese and type 2 diabetic individuals and the increase in C24:0 and C24:1 in athletes accounted for the overall increase in muscle ceramide with exercise (Fig. 4c ). Obese and type 2 diabetic individuals tended to have decreased total glucosylceramide during recovery, in contrast t o a t h l e t e s ( F i g . 4 d ) . T h e d i ff e r e n c e i n C 1 8 : 0 glucosylceramide levels between type 2 diabetic patients and athletes was maintained during both exercise (p = 0.0008) and recovery (p = 0.02). different among groups at rest; however, athletes had a significantly greater C20:0 (p = 0.006) and C22:0 (p = 0.002) content compared with obese and type 2 diabetic individuals (Fig. 5 ). The C20:0 and C22:0 ganglioside species were inversely related to BMI (p = 0.0001 and <0.0001, respectively) and positively related to insulin sensitivity (p = 0.0004 and p = 0.002, respectively).
Muscle GM3 ganglioside [(N-acetylneuraminyl)-Dgalactosyl-D-glucosylceramide] concentration was not
Relationships between serum NEFA and muscle ceramides Total NEFA content correlated positively with total muscle sphingosine (r = 0.42, p = 0.04), sphingosine-1-phosphate (r = 0.44, p = 0.03), ceramides (r = 0.51, p = 0.007) and glucosylceramides (r = 0.45, p = 0.02). Total saturated serum fatty acid content also significantly correlated with muscle total ceramides (r = 0.47, p = 0.015), sphingosine Gene transcription Basal mRNA expression of several genes involved in sphingolipid synthesis, including serine palmitoyltransferase 2, as well as sphingomyelinase 1 and 3, were lower in obese and type 2 diabetic individuals than in athletes (Fig. 6a) . mRNA expression of genes involved in ceramide clearance were also lower in obese and type 2 diabetic individuals, including alkaline ceramidase 3 and sphingosine kinase 2, while sphingomyelin synthase 2 was higher in obese and type 2 diabetic individuals. During exercise and recovery, there were no changes in mRNA expression of genes involved in ceramide production, while mRNA expression of several genes responsible for ceramide clearance were significantly increased (Fig. 6b, c) . Basal mRNA expression of several genes implicated in mitophagy is shown in ESM Fig. 1 .
Muscle protein expression
Resting muscle c-Jun N-terminal kinase (JNK) Thr183 and Thr185 phosphorylation was significantly higher in obese and type 2 diabetic individuals than in athletes (Fig. 7a) , and inversely correlated with insulin sensitivity (r = −0.43, p = 0.01). No significant differences in inhibitor of nuclear factor kappa-B kinase subunit alpha (IKKα) phosphorylation were found among groups, as previously described [16] , nor in extracellular-signal-regulated kinases 1 and 2 (ERK1/2) phosphorylation, or in Toll-like receptor 4 (TLR4) or mitogen-activated protein kinase kinase kinase kinase 4 (MAP4K4) content ( Fig. 7b-d) . During exercise, only JNK Thr183/Thr185 phosphorylation was significantly increased. After recovery, there were no significant differences in any of the proteins measured compared with at rest. Basal protein kinase B (Akt) Ser473 phosphorylation was higher in athletes than in the other two groups, with no differences found between exercise and recovery (ESM Fig. 2 ). There were no differences in basal TBC1 domain family member 4 (AS160) Thr642 phosphorylation among groups at any time. The muscle C18:0 dihydroceramide content had a significant positive relationship with phosphorylated JNK (p = 0.04) and an inverse relationship with C22:0 gangliosides (p = 0.007).
Discussion
The relationship of individual muscle ceramides and other sphingolipid species with insulin resistance in Fig. 1 (a humans and the influence of acute exercise and recovery on these lipids is not well understood. A major finding of the current study is that content of muscle C18:0 ceramide, dihydroceramide and glucosylceramide species are greater in obesity and in insulin resistance. Total muscle ceramide and glucosylceramide content can be decreased after recovery from acute exercise. These findings expand our knowledge of the insulin-sensitising Fig. 2 (a Muscle ceramide accumulation is thought to be one mechanism promoting insulin resistance in humans [4] [5] [6] 21] . However, ceramide accumulation can be dissociated from insulin sensitivity, indicating that total concentration may not the only variable influencing insulin action [22] [23] [24] . It is possible that only specific ceramide or other sphingolipid species promote insulin resistance, as has been shown for diacylglycerol [18] . However, the relationship between specific ceramide species and insulin sensitivity is unclear [12, 25] . Our data suggest that C18:0 ceramide and glucosylceramide species are uniquely related to obesity and insulin resistance in human skeletal muscle, which parallels previous findings from our laboratory of a deleterious role for di-18:0 diacylglycerol [18] . Other reports show a sixfold increase in C18:0 ceramide species in ob/ob mice compared with lean controls [26] , and a temporal relationship between C18:0 ceramide and the development of insulin resistance in skeletal muscle during high fat feeding in mice [27] . Thus, our data combined with the literature suggest a unique relationship between C18:0 muscle ceramide, obesity and insulin resistance.
Ceramide species containing stearate may be uniquely deleterious for insulin sensitivity by altering the biophysical properties of membranes. Ceramides form highly ordered domains in membranes, termed 'rafts', which are more readily formed by saturated species and are disrupted by ceramide species containing double bonds [28] . These rafts containing saturated ceramide would decrease membrane fluidity, which has been shown to influence insulin receptor function in the plasma membrane [29] and may alter protein function, which could conceivably promote mitochondrial dysfunction [30] . Moreover, C18:0 ceramide has been implicated in the activation of mitophagy [31] , which is associated with muscle glucose metabolism [32] and hepatic insulin resistance [33] . Expression of the mitophagy marker gene MAP1LC3A was higher in athletes, suggesting increased autophagosome formation, but other markers were not different, suggesting similar activation of mitophagy among groups. Additionally, there were no relationships between mitophagy markers and C18:0 ceramide, suggesting that activation of mitophagy is not a likely explanation for the influence of C18:0 ceramide on insulin resistance. Finally, ceramide is known to activate protein phosphatase 2A (PP2A) to induce insulin resistance, and there is evidence suggesting that C18:0 ceramide preferentially binds to the inhibitor of protein phosphatase 2A (I2PP2A), thus preventing inhibition of PP2A [34] . Therefore, C18:0 ceramide may promote insulin resistance by activating PP2A as well as altering the physical properties of membranes.
It is tempting to speculate that increased C18:0 ceramide, dihydroceramide and glucosylceramide species in insulinresistant skeletal muscle arise from the increased activity of ceramide synthase 1 (CERS1; encoded by CERS1). CERS1 is the most abundant ceramide synthase isoform and preferentially incorporates stearoyl-CoA [35] . Alterations in the muscle lipid supply may also influence ceramide species because type 2 diabetic patients had increased baseline serum C18:0 fatty acid content compared with obese individuals and athletes. Saturated serum NEFA may stimulate the synthesis of muscle ceramide and sphingolipids either directly or by the significantly different from at rest (p < 0.05 for all). ACER encodes alkaline ceramidase; ASAH, acidic ceramidase; CERS, ceramide synthase; DEGS, dihydroceramide desaturase; NEU, sialidase; SGMS, sphingomyelin synthase; SMPD, acidic sphingomyelinase; SPHK, sphingosine kinase; SPTLC, serine palmitoyl-transferase; UGCG, glucosylceramide synthase activation of TLR4 to promote de novo ceramide synthesis [7, 9] . Our data are inconsistent with TLR4-induced activation of de novo ceramide synthesis, thus implicating muscle lipid supply in C18:0 ceramide accumulation. Increased muscle ceramide and sphingolipid synthesis may help to explain the link between dietary saturated fat, cardiovascular disease and diabetes [36, 37] . Another potential explanation is greater sphingomyelinase activity in insulin-resistant states because the sphingomyelin composition of human muscle predominately contains stearate [14] . Increased sphingomyelinase activity generates ceramide and has been reported in insulinresistant liver [38] and in skeletal muscle from insulinresistant (vs insulin-sensitive) obese humans [39] . Further, inhibition of sphingomyelinase prevented saturated fat induced insulin resistance in skeletal muscle myotubes [40] . These data make sphingomyelinase a likely candidate to explain increased C18:0 ceramide species in skeletal muscle. Overall, our data revealed that muscle C18:0 ceramide, dihydroceramide and glucosylceramide species were related to muscle inflammation and insulin resistance, and may be increased by increased saturated fat consumption or increased sphingomyelinase activity. Therefore, reducing C18:0 ceramides and sphingolipids may be a particularly efficacious therapeutic aim to prevent and treat muscle insulin resistance.
Gene transcription data revealed that the capacity for ceramide and sphingolipid synthesis and degradation may be lower in obese and type 2 diabetic individuals than in athletes. If protein content follows gene expression, then these data are consistent with increased ceramide turnover in athletes compared with obese individuals with or without type 2 diabetes. Although we found no differences in ceramide content in this study, many studies have reported higher ceramide content in obese and insulin-resistant individuals compared with lean controls [4] [5] [6] [7] [8] [9] . The gene transcription data presented here suggest that increased ceramide synthesis may not always be the cause, and indicates that decreased ceramide turnover may promote tissue accumulation.
Chronic endurance training decreases muscle ceramide content in rodents [41] and humans [10] [11] [12] [42] . Additionally, endurance training decreased the C18:0 sphingomyelin content of human muscle, which may help explain the lower C18:0 ceramide levels in athletes in this study [14] . However, the importance of a single session of exercise in changing muscle ceramide is unclear. It should be pointed out that the response to exercise may be species specific because muscle ceramide increased after a single exercise session in humans [14] but decreased in rodents [15, 43] . Our muscle data agree with the only other study in humans: we found that exercise increased most muscle ceramides and other sphingolipid species. Of note, the exercise-induced increase in muscle C16:0 and C18:0 ceramide was exacerbated in obese and type 2 diabetic individuals compared with athletes, despite lower mRNA expression for ceramide synthesis genes. Recently, C16:0 muscle ceramide accumulation was found to inhibit anabolic signalling after resistance exercise in older humans [44] . Thus, the exaggerated increase in these ceramide species with exercise in obese and type 2 diabetic individuals may attenuate contraction-induced skeletal muscle adaptations and promote sarcopenia in insulin-resistant individuals.
Several mechanisms might explain the increase in muscle ceramide content immediately after exercise. Serum NEFA can activate TLR4 to promote cytokine and ceramide synthesis [45] , implicating increased NEFA concentration during exercise. However, the NEFA concentration during exercise was unrelated to muscle ceramides and there were no changes in TLR4 or MAP4K4 content and IKKα or ERK1/2 phosphorylation. These data suggest that TLR4 activation does not explain the increase in muscle ceramide content during exercise. The most likely explanation is that the exercise-induced increase in muscle ceramide content is caused by the acute inflammatory response to exercise [46] . TNF-α concentration increased during exercise compared with at rest, coinciding with increased phosphorylation of JNK, a downstream target of TNF-α signalling. TNF-α rapidly increases ceramide content by increasing de novo ceramide synthesis, and this probably accounts for exerciseinduced ceramide accumulation [47] .
After 2 h of recovery, most ceramides and other sphingolipids had decreased to basal levels, with sphingosine and ceramide content being significantly decreased compared with rest. Plasma TNF-α concentration and muscle JNK phosphorylation decreased during recovery compared with during exercise, suggesting that reduced post-exercise inflammatory signalling contributed to decreased muscle ceramide content, probably by decreasing de novo synthesis [47] . Additionally, exercise and recovery increased the expression of several genes responsible for ceramide clearance, including acidic and alkaline ceramidase 1 and 3, glucosylceramide synthase and sphingosine kinase 1, suggesting that increased ceramide degradation and clearance occurs after exercise (Fig. 6c) . Therefore, decreased ceramide synthesis and increased clearance during recovery from acute exercise reduce muscle ceramide content and may help to explain the increased insulin sensitivity that results from a single exercise bout [48] .
There are several limitations in this study that are important to address. There was no normal weight sedentary or normally physically active control group, which hinders interpretation of the effects of obesity and endurance exercise training on the outcomes measured. Because the post-exercise muscle biopsy was taken from the same site as the resting muscle biopsy, our exercise ceramide data may be confounded by muscle inflammation. We could not measure incorporation of the [U- 13 C]palmitate tracer into ceramides to measure the rates of synthesis. Additionally, we do not have measures of insulin sensitivity after exercise to compare with changes in muscle ceramides.
In summary, muscle C18:0 ceramide, dihydroceramide and glucosylceramide species were related to insulin resistance, suggesting they may be unique therapeutic targets for insulin sensitisation. Muscle ceramide and dihydroceramides were related to intramuscular inflammation, which may provide a mechanism to explain insulin resistance associated with these intracellular lipids. Transcription of sphingolipid synthesis genes was lower in type 2 diabetic patients, suggesting a decreased capacity for sphingolipid synthesis. Exercise increased the serum TNF-α content and muscle JNK phosphorylation, which are known to promote de novo ceramide synthesis and may explain the increase in muscle ceramide and other sphingolipid content. Two hours of recovery led to increased mRNA expression for ceramide clearance and degradation. Along with the decreased ceramide and sphingosine concentrations compared with the resting state, this finding may help explain insulin sensitisation after acute exercise.
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